Abstract An investigation on the discharge characteristic of a dielectric barrier discharge (DBD) device was carried out using bare and ZnO-coated alumina dielectric layer in atmospheric pressure air. Highly conductive ZnO film was first deposited on the alumina surface, and the characteristics of the dielectric barrier discharge were examined and compared. Experimental result shows that discharge behavior was definitely improved in the case of ZnO-coated dielectric barrier discharge. Relevant explanation is offered to describe its discharge physics.
Introduction
The generation of uniform discharges in open air is one of the most remarkable areas of research in the plasma field. Despite most research about discharges with additional flowing gases and vacuum chamber, uniform and stable discharges in the open air have many advantages and can be used in many plasma industries, such as surface modification, deposition, sterilization, etc. In addition, there have been some reports about uniform glows or glowlike discharges using a dielectric barrier discharge (DBD) structure at atmospheric pressure [1∼5] . However, in the case of open air discharge, oxygen molecules, constituting 21% of air, would quench nitrogen metastable species, and atmospheric discharges exist as streamer, nonuniform micro-discharges [6] . So it is important to minimize this quenching effect and make the discharges in the open air uniform and stable.
This letter reports how a ZnO-coated dielectric barrier improves plasma uniformity and influences profoundly the discharge behavior of the DBD in different aspects. For ZnO-coated alumina, the RF magnetron sputtering generates about a million times higher surface conductivity compared with the case of a bare alumina surface. Our experimental results show the effects of change of surface conductivity on discharge behaviors, including discharge uniformity and discharge power in open air.
Experimental setup

Preparation of dielectric barrier
Before the experiment, pure alumina powder was compressed into thin plates under pressure 10 times of the atmospheric pressure and then annealed for 8 h. The thickness and diameter of the alumina plates are 2.32 mm and 13 mm, respectively. After that, half of the alumina plates were deposited with ZnO thin film on their surface, using RF magnetron sputtering with a sintered ZnO target (99.99%). Fig. 1 shows scanning electron microscopy (SEM) images of two kinds of barriers' surface structure at the same scale (×200000) before discharge. The surface of the two kinds of materials is rough, but there are densely distributed ZnO spots on the surface of alumina after deposition, forming a 20 nm thin ZnO film (shown in Fig. 1(b) ). Through the four-probe method measurement, the surface conductivity of the ZnO-coated dielectric layer was found to be about 10 6 times higher than that of the alumina dielectric.
The discharge apparatus
The DBD reactor has a parallel-plate type electrode configuration. The two electrodes are both highly conductive cylindrical graphite electrodes, and the barrier was adhered to the graphite electrodes to form a DBD device [7] . The circuit of the DBD device is shown in The circuit can measure discharge current as well as discharge power. When the switch connected to node 1, the figure of discharge current and applied voltage on the DBD device could be measured by the oscilloscope. When the switch connected to node 2, the Lissajous figure could be obtained from the x-y mode on the oscilloscope. The voltage V c on the capacitance can be measured, so
Then the discharge power is
(2) Here f C V dV c is the area of Lissajous figure, thus the discharge power can be calculated [8] .
Experiment results and discussion
During the experiment, the DBD device was exposed in the open air. The sinusoidal voltage was connected to the circuit via a transformer, so that the voltage on the DBD could vary from 0 kV to 9.5 kV and the applied frequency could vary from 50 Hz to 10 kHz. As voltage was applied, micro-discharge was generated in the zone between two planar electrodes. For the two kinds of dielectric barrier, we kept the pressure of about 10
5 Pa and the air gap width of 1.0 mm. Then the discharge current and power were measured, and the figures were recorded on the oscilloscope.
3.1 Improvement of discharge uniformity Fig. 3(b) shows that the discharge over the ZnO-coated surface seemed uniform and stable, and a larger, glowlike discharge area was formed in the gap, while the discharge of bare alumina had many separate discharge channels in the gap, just like a filamentous discharge (shown in Fig. 3(a) ). Then waveforms of discharge current and applied voltage were recorded on the oscilloscope. Fig. 4 shows the applied voltage and discharge current for the filamentary and uniform DBDs under the same voltage (=3.0 kV) and the same applied frequency (=8.0 kHz) in a 1.0 mm air gap, respectively. In the case of the ZnO-coated alumina barrier (Fig. 4(b) ), no filament is observed, and the discharge is characterized by a single current pulse per half-cycle of the applied voltage with the same periodicity. While in the case of the alumina barrier (Fig. 4(a) ), the appearance of a number of current pulses per half-cycle of the applied voltage indicates that the breakdown of the discharge gap occurs many times per half-cycle of the applied voltage [9] . It is clear that the surface structure was not largely affected after the deposition of the ZnO film as shown in Fig. 1 . The surface conductivity may be responsible for the change of discharge behavior. In the case of the ZnO-coated barrier, the surface conductivity was 1,000,000 times higher than that of the bare alumina electrode; the lifetime of micro-discharges in a DBD is generally tens of nanoseconds, so charges could spread within a discharge life [10] . Since electrical charges from the discharge site could now move more easily over the surface of the dielectric barrier, when the charges accumulated on the dielectric barrier surface through the discharge channel, the accompanying field reduction would affect a larger area. As a result, the remnant voltage, at the site after discharge would still be comparable to the breakdown voltage and would not cause extinction of individual discharges. Instead, the discharges persisted at a lower overvoltage level as other discharge sites ignited, resulting in a long-lasting channel, and more micro-discharges appeared from different sites, so that eventually the discharge looked like a faint glow filling the entire gap [11] (as Fig. 3 shows) . In all, the charge spreading over a wide area due to high surface conductivity enhanced the discharge uniformity and caused the disappearance of the intense pulse discharges, leading to pseudoglow discharges [12, 13] .
Improvement of discharge power
The discharge power is an important parameter in DBD since it represents the efficiency of gas discharge, and usually different powers indicate different states of plasma. From Eq. (2) we know that the discharge power can be measured through the area of Lissajous figures. One group of the Lissajous figures under the same applied voltage (=6.0 kV) and the same applied frequency (=50 Hz) we got is shown in Fig. 5 .
Just like typical Lissajous figures of DBD, the two figures are parallelograms. The larger area of Lissajous figure (Fig. 5(b) ) means that ZnO-coated alumina leads to a larger discharge power under the same voltage (=6.0 kV). We kept the air gap and pressure unchanged and changed the applied voltage on the DBD device from 5.0 kV to 9.5 kV (their Lissajous figure was recorded every 0.5 kV); after calculation (according to Eq. (2)) we got their discharge power under different voltages, as shown in Table 1 and Fig. 6 . Fig.6 The discharge power of alumina and ZnO-coated alumina DBD discharge under different voltages Fig . 6 shows that in both ZnO-coated alumina and bare alumina cases the discharge ignites at the voltage of about 5.5 kV, and then the power grows rapidly. However, the discharge power of ZnO-coated barrier discharge is much higher than that of alumina. It is because the ZnO-coated barrier discharge had more micro-discharges in one discharge period, as shown in section 3.1. Although the current of a single discharge pulse was about the same, more charges were transported through the gap via the channel and eventually the discharge power was enhanced significantly.
However, too high surface conductivity, such as in the case of metal-to-metal atmospheric pressure discharge, will not enhance the discharge uniformity nor glow intensity because of insufficient current with too high conductivity [6, 8] .
Summary
In summary, ZnO-coated alumina and alumina were employed as barrier dielectrics, and the DBD device was exposed to atmospheric open air. The discharge voltage-current waveforms and Lissajous figure were measured in the experiment, and the result indicates that uniform plasma discharge in air can be generated by controlling electrical properties of the DBD barrier surface. It can be concluded that the discharge behavior was improved definitely in the case of ZnO-coated dielectric barrier discharge.
